Where i ce isn't nice
How the icefish got its antifreeze and other tales of molecular evolution ood frogs do it. Some beetles do it. Even saltmarsh snails do it. But fish can't do it-they can't tolerate any freezing of their bodily fluids. So, while some frogs and beetles freeze hard as a rock during the winter months, thaw out, and behave as if nothing happened, a fish that freezes is a dead fish.
That fact makes it remarkable that the "Southern Ocean"-which rings the continent of Antarctica and has large volumes of water that remain below -1 oC year-round-has a fish fauna at all. The Southern Ocean is isolated from more northerly parts of the Atlantic, Pacific, and Indian Oceans it borders by the Antarctic Convergence, a front formed by the circular movement of water and wind around the continent. Water temperatures fall off dramatically at the Convergence, 4 oC or more in a few tens of miles. Near the continent, ice is present year-round, on the surface, on the bottom at shallow depths, and as small crystals in the water column. The presence of ice, even more than the cold temperatures, poses difficult problems for fish. When water temperature is below freezing, any ice crystals that fish ingest can act as seeds to begin a rapid process of ice formation in the body, which would be fatal.
As recently tabulated by Joseph Eastman, an Antarctic fish specialist from Ohio University, there are 274 fish species in the Southern Oceanabout one percent of the world's total-inhabiting ten percent of the world's ocean area. The fish fauna is dominated by notothenioids, a group by Billy Goodman that, judging by its absence in the fossil record of 40 million years ago, appears to have come out of nowhere. This group, a suborder of the perciforms, accounts for 95 of the 274 known Antarctic species. In terms of sheer numbers of individuals, the dominance is even greater; a typical trawl might bring up a catch that is more than 90 percent notothenioids.
What accounts for notothenioid dominance? Arthur DeVries discovered the answer as a graduate student in the 1960s at Stanford University: Notothenioids have antifreeze proteins circulating in their bodies. Without these proteins, the body fluids of notothenioids (and a few other marine fishes) would freeze at approximately -1 oC-warmer than the freezing point of seawater, which is approximately -1.9 'C. (The exact freezing temperature of body fluid is determined by its osmotic properties.)
The year-round temperature of McMurdo sound, site of the major US research station in Antarctica, is essentially at the freezing point. This research station, on Ross Island, is where DeVries and his team do most of their field work. In 1969, DeVries reported in Science (163: 1073-1075) that some notothenioids contain a glycoprotein (a protein with attached carbohydrate) that depresses the freezing point of their body fluids, although he did not use the word antifreeze at the time.
Fishing for answers in Antarctica
Nearly 40 years after his first research trip to Antarctica, in 1961, DeVries, now a professor at the University of Illinois-Urbana, is still dis-covering new phenomena about freezing avoidance in polar fishes and making almost yearly trips to Antarctica (he has missed only two austral field seasons since 1969).
As a Montana farm boy, DeVries was preadapted to work in Antarctica. The early days at McMurdo, he recalls, were not unlike winters on the farm, "when the big thing was trying to get the tractor to start on cold mornings." Scientists and support personnel lived in primitive, canvas-sided huts called Jamesways, vehicles and snow machines to get around the ice were not yet ubiquitous, and, he says, "you had to be creative to make things work." Some things are different today. Within the last several years, the National Science Foundation has built a new wet laboratory and aquarium at McMurdo, so DeVries now leads his team of a half-dozen or so researchers to a laboratory that is about as well equipped-at least for whole-animal biology-as they would find at Illinois. And when they get ready to go out onto the annual sea ice to catch fish, they go to a fish house that would be right at home on a northern Minnesota lake. If the fish house lacks most of the creature comforts that walleye fishermen bring to their shacks, the mobile drilling rig at DeVries' disposal more than makes up for this deficit. DeVries and his team used to cut holes in ice up to 15 feet thick with chain saws, but now they do the job in minutes with the drill.
At least eight species of notothenioids are commonly caught in McMurdo Sound. The largest one, Dissostichus mawsoni, typically runs 30 to 60 pounds, with some approaching 200 pounds. D. mawsoni, called Antarctic cod although it is not a cod, hunts for food mainly in the middle of the water column but ranges from relatively shallow waters to the depths of the sound. DeVries' team fishes for this animal in deep water-about 500 metersto avoid Weddell seals, which "make a mess of our holes," DeVries says.
The researchers bait large hooks with New Zealand mullet or other small fish and space the hooks 5 to 7 meters apart on 1000pound-test cable. A 60pound weight holds the cable straight down and a winch allows the fishers to haul up their line. They weigh and measure all the fish, keep some of the smaller ones for experiments, and tag and release the rest. A few fish find their way onto the grill or into a homemade smoker.
How fish antifreezes work
Notothenioid antifreeze is a fairly simple molecule, composed of repetitions of the three-amino acid sequence threonine-alanine-alanine (Thr-Ala-Ala), with a disaccharide attached to each threonine. There are at least eight distinct antifreeze glycoproteins (AFGPs), which differ in the number of repeats of the basic building block. The largest, called AFGP1, has 55 repeats; the smallest, AFGP8, has four repeats. Every notothenioid species (except a few found north of the Antarctic Convergence) possesses the entire suite of AFGPs.
Three other antifreeze peptides (AFPs) have been discovered in other cold-water fishes. The AFPs are intermediate in size between the largest and smallest AFGPs, have no attached sugars, and are classified (as type I, II, or III) on the basis of their composition (type I, for example, is an alphahelix that is more than 50 percent alanine). They are found in groups The giant Antarctic cod, Dissotichus mawsoni (shown here in an aquarium), is one of the many notothenioid species that dominate the fish fauna of the freezing Antarctic waters by virtue of the antifreeze glycoproteins that circulate in their bodies. Photo: Liangbiao Chen. of fishes that are distantly related to one another, suggesting that antifreeze proteins have evolved independently numerous times.
Nevertheless, all of the antifreeze proteins studied to date have much in common. They are often found at high concentrations in the blood of polar fishes-as much as 40 milligrams per milliliter, or 4 percent by weight. Most important, they all appear to work in a similar way-a mode of action unlike, say, the antifreeze used in cars. Those antifreezes, such as ethylene glycol, operate colligatively and make it less likely that water molecules will aggregate to form what DeVries and Eastman, his Ohio University colleague, have called "embryonic" ice crystals. Colligative antifreezes depress the freezing point of water more when more antifreeze molecules are present.
Fish antifreeze proteins, by contrast, do not depend directly on particle number. They surround tiny ice crystals to lower the temperature at which they will grow or seed additional ice growth. DeVries likens the mode of action-called adsorptioninhibition-to "putting a silk stocking around the ice crystal." On a particle-for-particle basis, fish antifreezes are much more effective than colligative antifreezes. But they lower the freezing point only a degree or two, compared to 20 degrees or more for the colligative antifreeze ethylene glycol.
Yet the slight lowering is enough for notothenioids, especially those living on the knife-edge of existence close to the Antarctic continent. The salts in their bodies plus the AFGPs combine to lower their bodily fluid freezing point to about -2.5 oC, only slightly lower than the freezing point of seawater. As Cheng points out, however, that seemingly narrow window is wider than it appears, because it would take a lot to lower the temperature of a large body of water even 0.5 'C. More potentially dangerous to the fish than subfreezing water temperatures are the ice crystals that are sometimes common in the water column. When notothenioids drink seawater and ingest ice crystals, AFGP molecules surround the crystals, preventing them from seeding ice growth.
Tracing the origins of the AFGP gene
DeVries, an animal biologist interested in questions of evolution, and his wife and colleague Chi-Hing Cheng, a molecular biologist, have together led a multifaceted research effort to explore the various adaptations that enable notothenioids to survive in ice-laden water.
Cheng says they were puzzled by what sort of genome organization would lead to the very high AFGP concentrations in the fishes' body fluids. The smallest of these proteins, AFGP8, is also the most abundant in most notothenioids. It would be very inefficient, Cheng says, to build up high concentrations of this protein one molecule at a time by repeatedly transcribing a single copy of the gene. Indeed, Cheng, DeVries, and colleagues showed in a 1990 article in the Proceedings of the National Academy of Sciences of the United States of America (87: 9265-9269) that AFGP genes from notothenioids deviate from the conventional "one gene-one peptide" dogma. One AFGP gene does not code for just one AFGP molecule but for up to 46 separate AFGP molecules, including a mix of the various sizes. In the DNA, each peptide-coding region is linked to the next by a highly conserved nine-nucleotide spacer, which translates to a three-amino acid spacer in the protein. After translation, these spacers are digested by a protease, yielding many AFGP molecules from a single round of transcription and translation.
After identifying AFGP genes and working out their structure, Cheng and her coworkers, including former graduate student Liangbiao Chen, next looked for the evolutionary origins of these genes.Their results were published in 1997 in a pair of papers in PNAS (94: 3811-3822). Chen, who is now at the National Institutes of Health, began by searching a genetic database for sequences related to those of the AFGP genes. First on the list of related sequences was a gene from another, unrelated teleost, a flatfish called the Atlantic plaice. A non-protein coding region at the tail end of an AFGP gene from a D. mawsoni relative was more than 70 percent similar to one end of the coding sequence of the plaice trypsinogen gene, which codes for a precursor to the digestive enzyme trypsin.
Such similarity was very exciting, Cheng says, because it indicated a near-certain relationship between the genes. But there was also a puzzle: "When you compare the protein sequences of the two genes," she relates, "there is nothing in common at all." So the group set about cloning a trypsinogen gene from D. mawsoni, to make a more meaningful and detailed comparison with an AFGP gene from the same species.
The trypsinogen gene has six ex-ons separated by five introns. The AFGP gene has two exons separated by one intron. When they compared these two genes, Cheng and her colleagues found three regions where the nucleotide sequences are more than 93 percent identical. These include start, stop, and secretory signals near the beginning and end of the two genes, as well as large parts of their first introns. "Three regions inherited from trypsinogen is all well and good," says Cheng, "but it still doesn't tell us where the protein-coding region comes from." That required a more extensive search, for a nucleotide sequence that translated into the amino acid sequence Thr-Ala-Ala, which is repeated to form the protein part of the antifreeze glycoprotein. When they found such a sequence in the trypsinogen gene-the ninenucleotide run ACAGCGGCA-they were amazed to discover that those nine nucleotides do not all code for protein in this gene. Instead, they straddle the junction between intron one and exon two.
In other words, the AFGP gene in D. mawsoni owes some of its origin to DNA deemed to be "junk" by virtue of its being in a noncoding region of the trypsinogen gene. According to molecular evolutionists John Logsdon and W. Ford Doolittle, of Canada's Dalhousie University, the creation of the AFGP gene represents something more than just a special case of previously known mechanisms of gene evolution. In a commentary accompanying the pair of PNAS articles by the DeVries group, they wrote, "The molecular mechanisms involved in the formation of this gene were indeed more creative-making sense from nonsense-by calling into a functional coding capacity intronic DNA sequences."
The creation of the AFGP gene from the trypsinogen gene took several steps, including deletion of four exons and four introns from the trypsinogen gene; recruitment of the nine-nucleotide sequence, including some bases from the intron, into the main AFGP exon; and amplification of those nine nucleotides. Cheng and her coworkers have some evidence, yet to be published, that recruitment and amplification of the key nucleotides happened first, followed by deletion of most of the trypsinogen gene. They have isolated from D. mawsoni an evolutionary intermediate, a hybrid gene that has an AFGP gene followed by almost an entire trypsinogen gene with no termination signal in between.
Cheng thinks the first step may have been duplication of the Thr-Ala-Ala coding element during replication, as a result of slippage between the paired DNA strands at a site of repetitive (GT) sequence that immediately precedes the Thr-Ala-Ala coding element. She speculates that at first an additional three amino acids probably wouldn't have affected trypsinogen function at all and that as Antarctic seawater cooled, these extra amino acids might have had some ice-binding function. Amplification could have occurred with additional slippage and been selected for as the water continued to cool. "These fish drink seawater, so freezing would take place in the gut," Cheng says. "It makes sense to convert a gene whose protein is expressed in the gut. Both AFGP and trypsinogen could go into the gut simultaneously, with AFGP preventing freezing and trypsinogen doing its work digesting food."
Is there anything special about the Thr-Ala-Ala repeat for antifreeze function, or would any amino acid triplet have worked? "That's the million-dollar question," Cheng says. Other antifreeze peptides have other amino acid sequences, some featuring repeats and some not, so Thr-Ala-Ala is not required in other genetic backgrounds. Furthermore, Cheng says, in the AFGPs it is the glycosylation that appears essential, because antifreeze function begins to be lost when the sugar component is modified. The importance of the amino acid backbone, Cheng believes, is to position the sugars in a regular order, matching the periodicity of the ice crystal and allowing the sugars to bind to it. In the antifreeze peptides without sugars, it is the peptides themselves that bind directly to ice crystals.
The case for convergent evolution of AFGPs
For marine animals generally, the freezing of the Antarctic waters was a momentous event. For notothenioids, it was like winning the lottery. In the relatively warm Southern Ocean of 40 million years ago, there was a diverse fish fauna, judging from fossils found on Seymour Island, at the tip of the Antarctic peninsula. There is no unequivocal notothenioid fossil from that time, Eastman says. Nevertheless, he maintains, notothenioids were a nondescript group of mostly bottom-dwell-ing fishes, judging from their current lack of unique diagnostic characters.
Then, 10 to 15 million years ago, the waters froze. As they did, most of the relatively diverse fauna died off or migrated northward, and notothenioids radiated into the open niches. "They filled just about every possible niche a fish could fill," Eastman says, comparing them to the cichlids of African lakes in their degree of speciation and diversification.
The first AFGP gene probably evolved as the waters began to freeeze. Cheng notes that because fish cannot tolerate any freezing, decreasing water temperature would exert tremendous selection pressure for developing some sort of antifreeze function. Indeed, several lines of evidence point to a common time period for both the freezing of Antarctic waters and the evolution of antifreeze genes.
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Here, DeVries (right) and a technician stand in front of a fish house at the Ross Island research station, where the team does most of their field work. Photo: Chi-Hing Cheng.
10 million years ago, how did Arctic cods (gadids) acquire nearly identical AFGPs, given that, by most accounts, these two groups split much earlier and are phylogenetically far apart? Some researchers had suggested, on the basis of the shared AFGPs, that these fish were in fact more closely related. In the second PNAS paper, Chen, DeVries, and Cheng refuted this idea. Their molecular analysis of the first AFGP gene isolated from a gadid showed that, like the notothenioid AFGP, the gadid version is also encoded by a "polyprotein gene," in which multiple protein molecules are encoded by a single gene. And also like the notothenioid AFGP, each molecule is separated by short spacers that are removed during processing.
But beyond that, differences predominate. In the three regions in which the notothenioid AFGP and trypsinogen genes are nearly identical, the gadid AFGP gene has an entirely different nucleotide sequence. Moreover, the gadid AFGP gene sequence shares no similarity with the trypsinogen gene sequence of a closely related cod. And the spacer DNA that separates sequences for individual AFGP molecules is completely different in the Arctic and Antarctic fishes.
The AFGP genes of the two groups also have different intron-exon organizations. The gadid gene contains three exons and two small introns, whereas notothenioid AFGP genes have one large intron separating two exons. "Intron-exon boundaries generally remain identical among homologous genes, even in widely divergent organisms," Chen, DeVries, and Cheng wrote in one of their PNAS articles.
Finally, although both groups of fishes have AFGPs with Thr-Ala-Ala repeats, the underlying coding sequences show a different pattern of codon use. For example, in D. mawsoni, 85 percent of threonine in AFGP is specified by the codon ACA. By contrast, in the Arctic cod, only 45 percent of threonine in AFGP has that codon; 42 percent uses the codon ACT, which is seldom used in the notothenioid gene.
This detailed example of convergent evolution at the molecular level is hard to argue with when so many pieces of evidence line up. That convergence could be demonstrated so convincingly stems in large measure from the recency of the events. When proteins are old, there is more time for mutations and back mutations to muddy the genetic waters.
Having demonstrated convergence, the Cheng-DeVries group is now trying to discover the evolutionary origin of AFGPs in northern cods. The work is proving difficult, Cheng says, because no comparable sequences have been located in genetic databases. The group is also trying to understand the origin of some of the antifreeze peptides, including new ones recently found. The "holy grail," Cheng says, would be to figure out the essential elements in ancestral proteins that are necessary to confer antifreeze function. "This work shows the power of molecular biology to answer largescale evolutionary questions," says Eastman, "when the tools of molecular biology are in the hands of someone with a broad perspective." LI Science writer Billy Goodman visited Antarctica in 1988 to report on research, including that of the DeVries group.
